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@ Multiple electrode field electron emission device and process for manufacturing it 



@ Disclosed is a multiple electrode field electron emission device having a cathode (3) for emitting 
electrons by means of the field effect, a gate electrode (5) for establishing an electric field between said 
cathode and said gate electrode, an anode (7) for collecting the emitted electrons, and a control 
electrode (6) placed between said cathode (3) and said anode (7) for controlling the emitted electrons. 
Disclosed is also a method for manufacturing such a device in a manner to achieve emission projections 
(4) of the cathode (3) with a very small curvature radius and perfectly aligned to the gate electrode (5). 
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The present invention concerns a multiple electrode field electron emission device capable of controlling 
electrons that are field emitted from a cold cathode. 

"Journal of Applied Physics", Vol. 59, No. 2, pages 164 to 169 (1990) discloses a multiple electrode field 
electron emission device as it is generally shown in Fig. 33. This device is called a flattriode device. It comprises 
5 on the surface of a quartz substrate base 101 an emitter electrode (cathode) 102 on one side, an anode 104 
on the opposite side and a gate electrode 1 03 between the emitter electrode and the anode. The side of emitter 
electrode 102 facing the anode has a saw-tooth like structure, and the gate electrode 103 has column-shaped 
portions 103a. The three electrodes are formed by means of a photo-etching process from a tungsten thin film 
having a thickness of 1 urn. The teeth or projections of the emitter electrode 102 have a pitch of 10 urn and 

10 their number is 170. The distance between emitter electrode 102 and gate electrode 103 is 15 um and the dis- 
tance between gate electrode 103 and anode 104 is 10 urn. 

When the electrical properties of this triode are measured in a vacuum of 5 x 10-6 Pa, the emitter emission 
current turns out to be a Fowler-Nordheim (F.N.) tunnel current When the gate voltage is 220 V and the anode 
voltage 318 V, an anode current of about 1.2 uA is obtained. This amounts to about 7 nA of anode current for 

is one tooth of the emitter electrode. The mutual conductance was about 0.1 uS. 

This prior art triode device has a number of problems that will be discussed below. Electrons emitted from 
emitter electrode 102 proceed toward anode 104. However, because positively biased gate electrode 103 is 
located between the two electrodes, some of the emitted electrons will flow to this gate electrode. Because the 
gate current is equal to or higher than the anode current, the gate input resistance is very small. That is, the 

20 electron yield (anode current divided by total emission current) is small, causing a reduction in the electrical 
properties because characteristics such as the power efficiency and the mutual conductance are low. Using 
the technology of the prior art, the electron yield was at a level of 60%. For controlling the anode current of a 
triode device which has a low gate input resistance, it is necessary to have a driving circuit capable of handling 
large current and high power for applying the input signal to gate electrode 103. Because of this restriction it 

25 has been difficult to use these prior art triode devices as current amplifiers and power switches. 

In addition, the emission current of the emitter is an F.N. tunnel current which increases and decreases 
exponentially relative to the gate voltage. As a result, the anode output current changes exponentially relative 
to the gate input signal. The triode device having such non-linear input to output relationship cannot be used 
for devices such as linear amplifiers. 

30 Further, in order to enlarge the mutual conductance of the triode device and increase its performance, it 
is necessary to modify the structure of gate electrode 103 and enlarge the emission surface area of emitter 
electrode 102. However, if the emission surface area is enlarged, there will also be an increase in the amount 
of electrons that flow to gate electrode 103. Therefore, this prior art is not suitable for power amplifiers with 
high performance. 

35 Cathode 102 and gate electrode 103 are fabricated in the same photo-etching process. The distance be- 
tween these electrodes is determined by the resolution when photoresist exposure takes place. Practically, 0.8 
urn is the lower limit of the resolution. Furthermore, as the process geometries become smaller, deviations in- 
crease. The threshold voltage of the electron emission of the field electron emission device and the uniformity 
of that voltage depend greatly on the distance between cathode 1 02 and gate electrode 103. As a result, it was 
40 difficult to reduce the threshold voltage of the triode devices of the prior art Even if the threshold voltage was 
reduced, there would be the problem of poor uniformity. 

The threshold voltage of the field electron emission device depends a great deal on the tip radius of cur- 
vature of the projecting teeth of cathode 102. That is, the smaller the tip curvature radius, the lower the threshold 
voltage. In order to obtain a practically usable threshold voltage, it is desirable to have a tip curvature radius 
45 of 1 00 nm or less. However, with the technology of the prior art, the lower limit is 200 nm becauseof the seepage 
of the photoresist. Fabrication of a practical tip radius of curvature was difficult 

It is an object of the present invention to overcome the problems of the prior art explained above and to 
provide a high performance multiple electrode field electron emission device having a large gate input resis- 
tance, a linear input to output relationship and a large mutual conductance. It is a further object of the invention 
50 to provide a process for manufacturing this multiple electrode field electron emission device. 

These objects are achieved with a multiple electrode field electron emission device and a manufacturing 
process, respectively, as claimed. 

With a device according to this invention, because the voltage of the control electrode and the anode current 
are in a linear relationship, the input and output transfer characteristics are linear. Further, the anode resistance 
55 is very large. Therefore, the device is suitable for a linear amplifier. 

With the invention, the ineffective current that flows to the gate electrode has been remarkably decreased. 
From the perspective of current consumption, the invention provides a multiple electrode field electron emission 
device which has a good linear amplification effect 
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Because the device according to this invention has a very large input resistance of the control electrode, 
it can be used in field effect amplifiers and switching devices. 

Compared to thermal-electronic emission vacuum tubes of the priorart, the current, voltage and power that 
can be handled by a device according to the invention is either the same or better. Furthermore, the device 
according to the invention is very small. 

Because the mutual conductance and the degree of linearity of the transfer characteristics can be controlled 
by the gate voltage, even using the same device, special parameters can easily form different circuits. 

The invention further allows for a great degree of freedom in configuring a device that fits the needs of a 
particular application, such as a device with excellent frequency characteristics, a device with excellent power 
efficiency or a device that is able to handle high and low power supply voltages. 

Preferred embodiments of the invention will be described below with reference to the schematic drawings, 
in which: 

Fig. 1 is an angular view of a tetrode field electron emission device according to a first embodiment of the 
invention, 

Figs. 2(A) through (F) are sectional views illustrating various process steps of a process for manufacturing 
the device of Fig. 1, 

Fig. 3 is an angular view of a triode field electron emission device used for explaining a second embodiment 
of this invention, 

c Figs. 4(A) through (F) are sectional views illustrating various process steps of a process for manufacturing 
the device of Fig. 3, v 

Figs. 5(A) through (C) are plan views corresponding to Figs. 4(B), (D) and (E), respectively, 

Figs. 6(A) and (B) show a plan view and a sectional view, respectively, of a flat tetrode vacuum tube using 

the tetrode field electron emission device of Fig. 1, 

Fig. 7 is a circuit diagram using a tetrode field electron emission device in a cathode grounded configuration, 
Fig. 8 is a graph illustrating the electron emission characteristics obtained with the circuit diagram of Fig. 
7, 

Fig. 9 is a graph illustrating the input and output electrostatic characteristics obtained with the circuit dia- 
gram of Fig. 7, 

Fig. 10 is a graph illustrating the anode electrostatic characteristics obtained with the circuit diagram of 
Fig. 7, 

Fig. 1 1 shows the relationship between gate current, anode current, control current and control voltage of 
the tetrode field electron emission device, 

Fig. 12 shows the anode characteristics of the tetrode field electron emission device, 
Fig. 13 is another circuit diagram using the tetrode field electron emission device in a gate grounded con- 
figuration, 

Fig. 14 is another circuit diagram of a tetrode field electron emission device, 

Fig. 15 shows the anode characteristics obtained with the circuit diagram of Fig. 14, 

Fig. 16 is a circuit diagram of a pentode field electron emission device, 

Fig. 17 shows the anode characteristics obtained with the circuit diagram of Fig. 16, 

Figs. 18(A), (B) and (C) are a plan view and cross-sectional views, respectively, of a hexode field electron 

emission device according to a third embodiment of the invention. 

Figs. 1 9(A) through (G) are sectional views illustrating various process steps of a process for manufacturing 
the hexode field electron emission device of Fig. 18, 

Fig. 20 is an angular view of a hexode vacuum tube using the hexode field electron emission device, 

Fig. 21 is a circuit diagram of the hexode field electron emission device, 

Fig. 22 shows another circuit diagram of the hexode field electron emission device, 

Fig. 23 is illustrates the anode characteristics obtained with the circuit diagram of Fig. 22, 

Fig. 24 is a cross-sectional view of a vertical tetrode field electron emission device according to a fourth 

embodiment of the invention, 

Fig. 25 is an angular view of a tetrode field electron emission device of a modified embodiment of the in- 
vention where openings are provided in the gate electrode and the control electrode, 
Fig. 26 is an angular view of a modified embodiment of the invention differing from that of Fig. 25 by using 
a control electrode with column-shaped electrode portions. 

Fig. 27(a) shows a triode field electron emission device according to a fifth embodiment of this invention, 
Fig. 27(b) is a sectional view along line a-a of Fig. 27(a), 
Fig. 27(c) is a cross-sectional view along line b-b of Fig. 27(a), 
Fig. 27(d) is an angular view of a part of the device of Fig. 27(a), 
Figs. 28(a) through (c), Figs. 29(a) through (d) and 
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Figs. 30(a) and (b) illustrate various process steps of the process for manufacturing the triode field electron 
emission device of Fig. 27. 

Fig. 31 illustrates the formation of a bridge in the manufacturing process according to Figs. 29 to 30, 
Figs. 32(a) through (g) illustrate a modification of the manufacturing process according to Figs. 29 to 30, 
5 and 

Fig. 33 shows a triode field electron emission device according to the prior art 
With reference to Figs. 1 and 2(A) to (F) a first embodiment of the invention will be described. 
Fig. 1 is a perspective view showing the structure of a tetrode field electron emission device. This device 
comprises on the surface of a fiat substrate base 1 made of quartz, a gate electrode 5 and a control electrode 
10 6 which are made of a molybdenum (Mo) thin film having a thickness of 100 nm. The gate electrode 5 and the 
control electrode 6 are arranged between 2 separate, island shaped portions 2a and 2b of an insulating layer 
having a thickness of 500 nm and being made of silicon dioxide. On the surface of insulating layer portion 2a 
which is adjacent to gate electrode 5, there is a cathode 3 which has a thickness of 200 nm. The side of the 
cathode 3 facing the gate electrode 5 has a saw-tooth like shape, the teeth forming overhanging emission pro- 
fs jections 4, i.e. the emission projections extend in parallel to the surface of substrate base 1 beyond the edge 
of underlying insulating layer portion 2a. On the surface of the insulating layer portion 2b which is adjacent to 
control electrode 6 t there is an anode 7 which has a thickness of 200 nm. 

Cathode 3 comprises two layers, namely a deposited first or lower cathode layer 3a, having a film thickness 
of 100 nm and being made of tungsten (W) and a deposited second or tipper cathode layer 3b having a film 
20 thickness of 100 nm and being made of molybdenum (Mo). Like cathode 3, anode 7 comprises a first anode 
layer 7a and a second anode layer 7b, both deposited. The four electrodes, that is cathode 3, gate electrode 
5. control electrode 6 and anode 7 are disposed on the surface of base 1 in a lengthwise direction in this se- 
quence. 

Emission projections 4 of cathode 3 are arranged at a pitch of 5 nm and project towards the side of gate 
25 electrode 5. Insulating layer portion 2a is shaped such that it does not exist in the vicinity of the emission pro- 
jection tips. The tip curvature radius of the emission projections 4 within the plane parallel to the flat surface 
of base 1 is about 40 nm. 

Gate electrode 5 is formed self-aligned to cathode 3 and is provided with recessions of a shape substantially 
corresponding to the projection of the respective emission projection 4 onto the plane of gate electrode 5, i.e. 

30 the edge of gate electrode 5 facing the cathode side has a saw-tooth like shape substantially complementary 
to that of cathode 3. The distance (I_gk) between gate electrode 5 and emission projections 4 in the direction 
perpendicular to the surface of base 1 is determined by the film thicknesses of insulating layer portion 2a and 
gate electrode layer 5, that is the distance equals the difference between those film thicknesses. A suitable 
value for the distance Lqk is 400 nm. With the recent methods of structuring thin films the film thickness can 

35 be accurately controlled. As a result, the controllability, reproducibility and uniformity of the distance Lqk is ex- 
cellent 

The width w G of the gate electrode 5 in the vicinity of the tips of emission projections 4 is about 2 um (meas- 
ured along a horizontal line in Fig. 1 ). The distance (space) doc between gate electrode 5 and control electrode 
6 is 4 um. The width w c of control electrode 6 is 8 nm (measured along a horizontal line in Fig. 1). The distance 

40 (space) <Jga between control electrode 6 and anode 7 is about 10 urn. The smaller the width of gate electrode 
5, the smaller the gate current and the better the power efficiency. Also, the larger the width and surface area 
of anode 7, the better the electron yield. The wider the width of control electrode 6, the larger the mutual con- 
ductance and the greater the controllability of the anode current. However, because the amount of electrons 
(control current) that flow to the control electrode 6 increases as the width of control electrode 6 increases, the 

45 width of the control electrode is determined on the basis of a trade-off between these factors. It is ideal to have 
the dimensions in a range in which the width of control electrode 6 is greater than the width of gate electrode 
5 but smaller than that of anode 7. To increase the amplification factor \i (= Ccg/Cag. Ocg is thspapacity between 
gate electrode 5 and control electrode 6 and C AG is the capacity between gate electrode 5 and anode 7) means 
to decrease the width of control electrode 6 and to enlarge the space between control electrode 6 and anode 

50 7. 

The fabrication process of the tetrode field electron emission device shown in Fig. 1 will now be explained 
with reference to Fig. 2. Figs. 2(A) to (F) are vertical cross-sectional views showing the device at the end of 
respective process steps. 

Fig. 2(A) shows the device after an insulating layer 8, a cathode layer 9 and an etching passivation layer 
55 10 have been deposited in this sequence on the surface of flat substrate base 1 and after a photoresist layer 
1 1 has been formed and patterned on etching passivation layer 1 0. Flat substrate base 1 is an insulating quartz 
substrate. Insulating layer 8, cathode layer 9 and etching passivation layer 1 0 are deposited one after the other 
by sputtering. Insulating layer 8, cathode layer 9 and etching passivation layer 10 are composed of a 500 nm 
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silicon dioxide thin film, a 100 nm tungsten thin film and a 200 nm silicon dioxide thin film, respectively. Pho- 
toresist layer 1 1 has been patterned corresponding to the desired shapes of cathode 3 and anode 7. 

Figure 2(B) shows the device in a state when an etching mask 12 has been formed by excess-etching of 
etching passivation layer 10. This excess-etching method uses an etching means that selectively etches etch- 

5 ing passivation layer 10 using an HF-type etching solution so that even more of etching passivation layer 10 
is etched away than is determined by the shape of photoresist layer 1 1. It is possible to form etching mask 12 
with a small radius of curvature of its portions corresponding to emission projections 4, by excess-etching pas- 
sivation layer 10 from the outer periphery inwardly beneath photoresist layer 11. In this embodiment the cur- 
vature radius of the portions of the photoresist layer 1 1 corresponding to the tip portions of emission projections 

10 4 was 300 nm. With an excess-etching of 500 nm an etching mask 12 having a tip curvature radius of only 30 
nm was obtained. 

Fig. 2(C) shows the device in a state when cathode layer 9 has been etched to form first cathode layer 3a 
and first anode layer 7a. Etching mask 12 which has sharp projections corresponding to the emission projec- 
tions is used in processing cathode layer 9 after removal of photoresist layer 1 1. Cathode layer 9 is processed 
15 by dry etching for 5 minutes at a gas flow ratio of CF4/O 2 =60/200 and an RF power of 700 W. At this time, cathode 
layer 9 is excess-etched to obtain first cathode layer 3a, which has sharp emission projections with a tip cur- 
vature radius of 30 nm. 

Fig. 2(D) shows the device in a state when insulating layer 8 has been partially etched away forming island 
shaped insulating layer portions 2a and 2b and exposing emission projections 4a. The first cathode layer 3a 

20 and the first anode layer 7a are used as etching masks to remove the unnecessary portion of Insulating layer 
8 with an HF etching solution. At this time, the emission projections 4a are exposed such that they overhang 
from insulating layer portion 2a. Also, etching mask 12 is removed and the flat substrate base 1 shows almost 
no etching because it is made of quartz. 

Fig. 2(E) shows the device in a state, when a gate electrode layer 1 3 has been formed by using a directional 

25 particulate deposition method. Sputtering is used as the directional particulate deposition method to deposit a 
molybdenum (Mo) thin film layer of 100 nm thickness as the gate electrode layer 13. With the directional par- 
ticulate deposition method, particles are shot out from a particle source in a direction nearly normal to the sur- 
face of flat substrate base 1 and deposited on this surface. When this method is used, the overhanging portions, 
such as emission projections 4a, form a cover so that a molybdenum thin film layer 131 is deposited on top of 

30 the first cathode layer 3a, a molybdenum thin film layer 132 is deposited on the surface of the first anode layer 
7a and the gate electrode layer 13 is deposited on the surface of the flat substrate base 1 in a way that all of 
these tree layers are electrically isolated from each other. It goes without saying that by this technique emission 
projections 4b of thin film layer 131 and recessions in gate electrode layer 13, which have the same shape as 
the emission projections 4a are formed self-aligned to the emission projections 4a. Vapor deposition, sputtering, 

35 electron cyclotron resonance (ECR), plasma deposition and the clustered ion beam can be used as the direc- 
tional particulate deposition method. 

Fig. 2(F) shows the device in a state when gate electrode layer 13 and thin film layers 131 and 132 have 
been etched to form gate electrode 5, control electrode 6, the second cathode layer 3b and the second anode 
layer 7b. A photo-etching technology is used and after a photoresist has been applied in a pattern corresponding 

40 to the second cathode layer 3b, the gate electrode 5, the control electrode 6 and the second anode layer 7b, 
the molybdenum thin film is etched using dry etching. 

The tip curvature radius of the emission projections 4 of cathode 3 of a completed multiple electrode field 
electron emission device is 40 nm. This is due to an increased roundness of the first cathode layer 3a because 
of the deposition of the second cathode layer 3b. However, this roundness causes the surface area of emission 

45 projections 4 that is in the electric field to enlarge, making it possible to obtain electron emissions that are large 
in volume and stable. In a case, in which the materials used for the first cathode layer 3a and the second cathode 
layer 3b are different, for the most part, if either the emission projections 4a of the first cathode layer 3a or the 
emission projections 4b of the second cathode layer 3b are etched away, the resulting emission projections 4 
will become thinner and the film thickness direction tip curvature radius will become smaller resulting in a mul- 

50 tiple electrode field electron emission device that has a low threshold value. 

It is possible to fabricate a multiple field electron emission device with emission projections having a very 
small tip curvature radius by a manufacturing method using an etching mask formed by excess-etching of the 
insulating layer instead of using etching mask 1 2 made from etching passivation layer 1 0 as mentioned above. 
A corresponding manufacturing method will be described below, using a triode field electron emission device 

55 as an example. 

Fig. 3 is an angular view of the triode field electron emission device manufactured by such manufacturing 
process. 

The major components of this device are a flat substrate base 1 , an island-shaped insulating layer 202, a 
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cathode 203 equipped with saw-tooth like emission projections 4 formed as overhanging portions of the cathode 
203, a gate electrode 205 and an anode 7. The gate electrode 205 is formed self-aligned to the emission pro- 
jections 4 and the anode 7 is formed on the surface of flat substrate base 1 . The island shaped insulating layer 

202 is formed on an elevated portion of the substrate surface and a sloped surface portion 213 around the is- 
5 land-shaped insulating layer 202, particularly in the vicinity of gate electrode 205, connects the elevated surface 

portion to the rest of the substrate surface. Sloped surface portion 21 3 has the advantage of reducing the flow 
of electrons emitted from emission projections 4 to gate electrode 5, thereby improving the power efficiency of 
the field electron emission device. 

In this case, the field electron emission device has 100 emission projections 4, that are aligned in a row 
10 at a pitch of 5 urn. The tip curvature radius of the emission projections 4 is 40 nm. The distance between cathode 

203 and gate electrode 205 (Uk) «s 400 nm. The width of gate electrode 205 at the tips of the emission pro- 
jections 4 is 2 urn. The distance between cathode 203 and anode 7 (Uk) is about 10 urn. Flat substrate base 
1 is a glass substrate (#7059 glass substrate made by Corning). Island-shaped insulating layer 202 is made 
of a 500 nm thick silicon oxide film. Cathode 203 comprises a first or lower cathode layer 203a made of a 100 

is nm thick molybdenum (Mo) thin film and a second or upper cathode layer 203b. The upper cathode layer 203b, 
the gate electrode 205 and the anode 7 are all made of a 200 nm thick tantalum (Ta) thin film. The slope angle 
of sloped surface portion 213 is about 10°. 

Figs. 4(A) to (F) are cross-sectional views illustrating various steps of the process for manufacturing the 
field electron emission device shown in Fig. 3. Figs. 5(A) through (C) are plan views corresponding to Figs 

20 4(B), (D) and (E), respectively. . . . 

First of all, an insulating layer 8 and a cathode layer 9 are formed on the surface of flat substrate base 1 . 
After that a resist layer 1 1 is formed (Fig. 4(A)). Flat substrate base 1 is a glass substrate as mentioned before 
that has insulating properties. Insulating layer 8 is a 500 nm dioxide thin film formed by atmospheric pressure 
CVD. Cathode layer 9 is a 100 nm molybdenum (Mo) thin film layer, deposited by sputtering. Resist layer 11 

25 is generally in the shape of cathode 203 and is formed using photo-etching. 

Next, the cathode layer 9 is processed to the shape of resist layer 1 1 to form temporary cathode layer 91 
(Fig. 4(B) and Fig. 5(A)). To that end the cathode layer 9 is etched by means of a dry etching method using 
CF 4 gas. The tips 11a of saw-tooth like projections of the resist layer 1 1 have a tip curvature radius of 700 nm 
and the tips of corresponding projections of temporary cathode layer 91 have the same tip curvature radius. 

30 In the next step an etching mask 81 is formed by excess-etching of insulating layer 8 (Fig. 4(C)). Excess- 

etching is a method by which insulating layer 8 is etched away deep within a stipulated region in temporary 
cathode layer 91 using an isotropic etching means. Because etching of insulating layer 8 progresses at an equal 
rate from the outer periphery in an inward direction when isotropic etching is used, the convex areas have a 
sharp shape, i.e. excess-etching results in a small tip curvature radius in the convex areas of etching mask 81. 

35 An HF type etching solution is used as the isotropic etching means to excess-etch the silicon dioxide thin 
film forming insulating layer 8. When it is etched to 1 .5 um inward from the outer periphery of temporary cathode 
layer 91 , reverse taper-shaped etching mask 81 is formed with protruding portions having a tip curvature radius 
of 30 nm. Compared to the 700 nm tip curvature radius of temporary cathode layer 91, a twenty-fold increase 
in sharpness is achieved. In this process, the surface of flat substrate base 1 is etched to form sloped surface 

40 portion 213 around etching mask 81. The etching speed of the insulating layer 8 is five times faster than that 
of substrate base 1. As a result, the slope of the surface portion 213 that is formed beneath the emission pro- 
jections 4 is about 10°. 

Next, temporary cathode layer 91 is etched to the shape of etching mask 81 to form first cathode layer 203a 
(Fig. 4(D) and Fig. 5(B)). With resist layer 1 1 covering the upper surface of temporary cathode layer 91 for pro- 
45 tection, when etched from lower side, first cathode layer 203a is formed to have the same shape as the side 
of the etching mask 81 contacting it The tip curvature radius of emission projections 4a of the first cathode 
layer 203a is about 30 nm. 

Next, the sides of etching mask 81 are etched away to form island-shaped insulating layer 202, and resist 
layer 1 1 is removed (Fig. 4(E) and Fig. 5(C)). 0,7 um of the sides of etching mask 81 are removed so that the 
so first cathode layer 203a gets the shape of an eaves with overhanging and exposed emission projections 4a. 

Finally, after forming a Ta thin film electrode layer at a thickness of 200 nm using directional particulate 
deposition, this layer is etched to obtain the second cathode layer 203b, gate electrode 205 and anode 7 (Fig. 
4(F)). Sputtering is used for this directional particulate deposition. With this deposition, the overhanging por- 
tions, such as emission projections 4a, act as a cover, and the second cathode layer 203b f which is deposited 
55 on the surface of the first cathode layer 203a and the rest of the electrode layer deposited on the surface of 
flat substrate base 1 become electrically isolated from each other. 

Portions of the second cathode layer 203b deposited on emission projections 4a of the first cathode layer 
203a become emission projections 4b, and emission projections 4a and 4b form together the emission projec- 
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tions 4. Gate electrode 205 is formed with recessions corresponding in shape and being self-aligned to emission 
projections 4a. Sputtering, vapor deposition, ECR (electron cyclotron resonance), plasma deposition and the 
cluster ion beam method are some of the methods that can be used as directional particulate deposition meth- 
ods. The Ta thin film electrode layer is processed by means of dry etching to form the gate electrode 205 and 

5 anode 7. At this time, it is important to cover the layer with a photoresist so that the recessions corresponding 
to emission projections 4 are not corroded. The first and lower cathode layer 203a and the second and upper 
cathode layer 203b form together cathode 203. The tip curvature radius of the emission projections 4 is about 
40 nm. In a case in which different materials are used for the first and second cathode layers 203a and 203b, 
one of the two layers may be removed at the emission projections and only the remainder used as electron 

10 emission electrode. If the emission projections are made thin in this manner, the tip curvature radius in the di- 
rection of the film thickness will become smaller, allowing lower threshold voltages to be achieved. 

Afield electron emission device manufactured in this manner was measured in high vacuum. When cathode 
203 was grounded and the voltage between anode and cathode was constant at Vak = 200 V, at a voltage of 
V GK = 60 V between gate and cathode, the cathode current was l K = 4 x 1 CH A. At Vqk = 1 00 V a cathode current 

15 of 6 x 10-s A was obtained. The parasitic capacitance between cathode 203 and gate electrode 205 was 10 
fF. 

In this embodiment, the materials used for the electrodes, such as for cathode 203, were molybdenum and 
tantalum thin films. However, this invention is not limited to these materials. Instead, other materials that can 
be used are metals such as tungsten, slicon, chrome and aluminum and alloys that contain these metals. Fur- 

20 thermore, as flat substrate base 1 , substrates such as ceramics substrates with good thermal conductance can 
be used. For instance, an insulating substrate base like an alumina substrate base or an insulator on the surface 
of a conductive substrate base, such as a silicon substrate base, may be used. Moreover, insulating layer 8 
and etching mask 81 are not limited to a silicon dioxide thin film. Thin films such as silicon nitride thin films and 
alumina thin films may also be used. 

25 In order to reduce the threshold voltage of the electron emission it is feasible to coat emission projections 
4 with materials that have a small woik function, such as barium, thorium and cesium. In addition, cathode 203 
may be made of such a material. 

In order to reduce the noise from electron emissions, it is possible to create an adequate number of emis- 
sion projections 4 and to increase the S/N ratio by driving these emission projections and creating electron emis- 

30 sions at the same time. Electron emissions do not have to originate at one point, that is the tip of the emission 
projections. They can originate from auxiliary projections created on the side of the tip, and this will provide 
the same effect In addition, excessive current flow and noise can be prevented by connecting a self-bias re- 
sistor or non-linear resistor directly to the cathode. 

By putting a fluorescent material on the surface of anode 7, a light emitting display may be formed. By using 

35 a material such as a copper thin film that generates X-rays and exciting this with an electron beam, it is possible 
to create a minute X-ray source. 

For reasons of simplification the above manufacturing process has been described with reference to a 
triode field electron emission device since the main difference between this process and that of Figs. 2(A) to 
(F) is the way of fabricating the cathode. It will be appreciated that the process of Figs. 4(A) to (F) can be easily 

40 modified to manufacture a multiple electrode field electron emission device according to the invention, namely 
a tetrode, pentode, etc. The process steps for manufacturing the cathode and the gate will remain unchanged. 

As described above, the manufacturing process of the field electron emission device of this invention has 
the following effects: 

(1) Compared to fabricating the cathode by excess-etching the cathode layer itself, by excess-etching the 
45 etching mask layer formed on the surface of the substrate base, it is possible to fabricate emission projec- 

tions with a smaller tip curvature radius. This is because the etching properties of the etching mask formed 
on the surface of flat substrate base 1 are very isotropic and because etching methodsihat etch at a fast 
rate, such as wet etching, can be used. Because it is difficult to apply wet etching to materials such as mo- 
lybdenum, it is also difficult to form emission projections 4 by means of excess-etching such materials. 
so (2) I_gk is generally determined by the film thickness of the island-shaped insulating layer and that of the 

gate electrode. The ability to control the film thickness has become excellent as LSI process technology 
has progressed, making it possible to achieve a field electron emission device with excellent uniformity and 
a low electron emission threshold voltage. With the technology of the prior art, the lower limit of Lgk was 
0.8 urn. However, as a result of this invention, it is possible to fabricate and obtain a value for of 0.1 
55 urn or lower. 

(3) Emission projections with a small tip curvature radius and a low threshold voltage are achieved by using 
excess-etching. With the technology of the prior art, the lower limit of the tip curvature radius is 200 nm. 
With this invention it is possible to obtain a curvature radius of 40 nm or less. 
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(4) The advantage of using excess-etching is, that convex areas, such as emission projections 4 have a 
smaller, sharper tip curvature radius. Conversely, the concave areas are much smoother. Such convex and 
concave areas of the cathode allow to prevent accidental electron emissions and shortening between the 
electrodes. 

5 (5) As explained above, the invention allows to create a gate electrode self-aligned to the cathode which 

results in a reduction of the parasitic capacitance between the electrodes and, thus, a high-speed opera- 
tion. In particular, providing the first cathode layer with a low resistivity is suitable for high-speed devices 
with a low line resistance and smaller line delays. 

Fig. 6(A) schematically shows a plan view of a flat tetrode vacuum tube that uses the new tetrode field elec- 

10 tron emission device described above. Fig. 6(B) is a cross sectional view along line A-A in Fig. 6(A). The flat 
tetrode vacuum tube comprises the flat substrate base 1 with the above described tetrode field electron emis- 
sion device thereon, and an opposing substrate base 14. The substrate bases are disposed nearly parallel to 
each other with a support 17 therebetween extending around the periphery. The tetrode field electron emission 
device is sealed within a space 23 which is surrounded by substrate base 1, opposing substrate base 14 and 

15 support 17. The space 23 is evacuated. Substrate base 14 is a quartz substrate having a conductive thin film 
15 on its inner surface to prevent electrostatic charges. A port 16 in the substrate base 14 is used for evacuation 
and after evacuation sealed by melting an Au and Sn alloy inside of the port which is covered with a Cr/Au thin 
film. A getter material 1 8 made of an Al and Ba thin film alloy is formed in advance on the inner surface of op- 
posing substrate base 14. After evacuation of space 23 has been completed, this getter material is heated by 

20 a laser, thereby evaporated and deposited on the walls of space 23 to activate the gettering effect 

Support 17 is a baked mixture of low melting point glass powder and glass fibres with a diameter of 100 
urn. It seals and adheres wed to each substrate base and maintains the height of space 23 (gap) at 100 um. 

The external pins of the tetrode field electron emission device, that is, cathode pin 19, gate pin 20, control 
pin 21 and anode pin 22, are formed from metal thin films and extend to the outside of vacuum space 23 between 

25 flat substrate base 1 and support 17. The size of this flat tetrode vacuum tube is 7 mm length, 4 mm width and 
2.2 mm thickness. Compared to the thermo-electronic emission type vacuum tubes of the prior art this is very 
small, namely a volume of 1/1000 or less of that of the prior art vacuum tubes. The degree of vacuum in vacuum 
space 23 is 1 33 x 1 0r 7 Pa (1 x 10" 7 Ton) or less. In this example anode 7 is formed on the surface of flat substrate 
base 1 . However, this invention is not limited to that For example, the anode may be formed on the surface of 

30 the opposing substrate base 14. Also, in this case, control electrode 6 may be placed within vacuum space 23 
so that it is located between emission projections 4 and anode 7. 

Figs. 7 through 9 show the electrical properties of the tetrode field electron emission device described 
above. Fig. 7 is a circuit diagram of a cathode grounded voltage amplifier using such tetrode field emission 
device. The tetrode vacuum tube described above is represented by symbol mark 30 which is shown in the 

35 center of Fig. 7. This indicates that cathode 3, gate 5, control electrode 6 and anode 7 have been sealed inside 
of vacuum space 23. 

The method of driving a voltage amplifier that uses a tetrode field electron emission device is as follows: 
Cathode 3 is grounded and a positive bias gate voltage V GK is applied between gate 5 and ground by means 
of a voltage source 26. A voltage source 27 is connected between anode 7 via a load resistor 28 and ground 

40 to apply a positive anode voltage to anode 7. A voltage source 25 providing a control bias voltage Vck and 
an input signal voltage source 24 are connected in series between control electrode 6 and ground. An output 
signal voltage V 0 which is proportional to the input signal voltage V, of voltage source 24 is obtained at terminal 
29 from anode 7 and load resistor 28. 

Fig. 8 is a graph showing the electron emission properties of the aforesaid tetrode field electron emission 

45 device, namely the gate current versus gate voltage (Ig-V G k) and the anode current versus gate voltage (l A - 
V GK ) characteristics. In this case the input signal voltage V, of voltage source 24 and the control bias voltage 
V C k of voltage source 25 in the circuit diagram of Fig. 7 were set to 0 V. Gate current l G and anode current l A 
increase exponentially relative to gate voltage V GK indicating that the emission current is the F.N. tunnel current. 
The anode current is about 2 digits smaller than the gate current In the driving method of the prior art, which 

50 controls the anode current by the gate voltage, the electric power conversion efficiency was poor because l G 
> l A . In addition, because the transfer characteristics are also exponentional, It is difficult to use this method in 
a linear amplifier. For this reason, the anode current l A is controlled by the voltage applied to control electrode 
6. 

Fig. 9 is a graph showing the input and output static characteristics of the aforesaid tetrode field electrode 
55 emission device, namely the control current versus control bias voltage (Ic-V C k) and the anode current versus 
control bias voltage (Ia-Vck) characteristics. In this case the gate voltage was Vqk e 140 V, the input signal vol- 
tage V| e 0 V and the anode voltage Vak = 400 V in the circuit diagram of Fig. 7. Although the anode current 
changes exponentially (non-linearly) in the range of Vck < 0, the anode current characteristic is a straight line 
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(linear characteristic) in the range of V CK > 0. That is, in the range of V CK > 0, anode current l A is proportional 
to the voltage applied to control electrode 6. Therefore the tetrode field electron emission device according to 
the invention can be used as a linear amplifier. At this time, the control current l c is 1% or less of the anode 
current l A , yielding a field effect voltage amplifier with excellent input and output power conversion efficiency. 

5 The anode current control mechanism by the field effect of control electrode 6 is similar to the control by 

the grid electrode of a prior art thermo-electronic emission vacuum tube. That is, it is a mechanism in which 
the anode current is controlled by the electric field (bias gradient) formed between control electrode 6 and cath- 
ode 3 by means of the bias of control electrode 6. if a negative voltage is applied to control electrode 6 and a 
negative electric field is formed in the vicinity of emission projections 4, a repelling force will be applied to the 

w emitted electrons going toward anode 7, and the number of electrons that reach anode 7 will be limited. 

Since the electrons emtted from the cathode will have an initial speed, they will travel in the direction of 
the anode. However, if a control electrode exists inbetween with a negative bias, their speed will be reduced 
by the bias gradient of the negative bias and some of the electrons will return to the cathode. In this manner, 
electrons will remain between the cathode and the control electrode and form an electron cloud (space charge 

15 limited area). Electrons that are able to flow toward the anode are statistically limited to those whose energy 
is higher than the control bias. It is known that the transfer of electrons in such a space charge limited area 
yields noise current that is very small. The fluctuation of the space charge is small compared to the emission 
current fluctuation (noise current) from the cathode. In particular, the fluctuation of electrons having a small 
amount of energy can be ignored. Only some of the electrons, those with a lot if energy, become cause for the 

20 noise of the anode current The triode field electron emission device of the prior art does not have the space 
charge control area described above. Most of the electrons that are emitted from the cathode reach the anode 
(transfer of electrons in the emission limited area). Therefore, the emission current noise is expressed as the 
anode current noise. 

However, if positive voltage is applied to control electrode 6, the strength of the repulsive force on the emit- 
25 ted electrons will be weaker and the anode current will increase. By the way, positive bias gate electrode 5 
performs the same role as the space charge grid electrode of a prior art pentode vacuum tube and prevents 
the retention of space charge in the area of cathode 3. As will be discussed later, according to this invention, 
a further control electrode may be added between anode 7 and control electrode 6 to prevent the effects of 
secondary electrons from anode 7. 
30 The linear and non-linear areas of the characteristics can be properly utilized by suitably setting the control 
bias voltage Vex- The linear area is suitable for a linear amplification function such as in a voltage amplifier. 
The non-linear area is suitable for functions such as switching. Also, if gate voltage Vqk is lowered, the control 
bias voltage at which the transition between the linear area and the non-linear area occurs, will shift to the low 
voltage side. Therefore, the control bias voltage V CK may be freely selected by suitably setting gate voltage 

35 V GK . 

However, as shown in Fig. 8, in the tetrode field electron emission device described above, the gate current 
l G is significantly higher than the anode current l A> and the parasitic current that flows to the gate electrode is 
inefficient 

Fig. 10 is a graph showing the anode static characteristics of the multiple electrode field electron emission 

40 device of this embodiment Shown are the I a -Vak static characteristics for a gate voltage V GK = 140 V, an input 
signal voltage V, = 0 V and control bias voltages V CK = 20 V, 40 V, 60 V and 80 V, respectively, in the circuit 
diagram of Fig. 7. As will be understood from Fig. 1 0, in the multiple electrode field emission device of this em- 
bodiment, l A becomes almost constant in the range of Vak > 1 50 V. Also, l A increases in proportion to V 6K , which 
is an anode static characteristic that is similar to the thermo-electronic emission pentode vacuum tube of the 

45 prior art This characteristic is suitable for linear amplifier applications etc. because the anode resistance if very 
large and the input and output are in a proportional relationship. 

If load resistor 28 in Fig. 7 has a value of = 5 Gn, load line 36 can be drawn in the graph of Fig. 1 0. The 
basic functions have been confirmed as those of an amplifier by the means of such a circuit That is, when con- 
trol bias voltage was Vck = 40 V and a 20 V sine wave (V, = 20 sin(©t) V) was applied as input signal by input 

so signal source 24, a 50 V sine wave (V c = -50 sin(ot) V) was obtained as the output signal at terminal 29. Thus, 
the amplification ratio was 2J5. When the amplifier characteristics were measured while increasing the frequen- 
cy o), the cutoff frequency one was 100 MHz or more. Fig. 1 1 shows the relationship between the control voltage 
V CK and the gate current l G , the anode current l A and the control current l c , respectively. For V CK < V©k the control 
current l c is negative. An ion current in the vacuum and a leak current on the surface of the substrate base are 

55 possible reasons for this negative current However, because the current is stable, it is probably a surface leak 
current between the gates. Anode current l A increases monotonally in relation to the control voltage Vox- When 
the control voltage is especially large, the anode current will increase almost proportionally with an increase 
of the control voltage. That is, a linear region has been found for the transfer characteristics. It has been dis- 
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covered that the emission current is nearly constant relative to V CK and is determined by the gate voltage and 
not influenced by the bias of other electrodes. 

Fig. 12 shows the anode characteristics (l A - Vak) with the control voltage V CK as parameter (it should be 
understood that the difference between Fig. 10 and Fig. 12 is due to the fact that Fig. 10 is based on presumed 
5 data while Fig. 12 is based on experimental data). Anode current l A increases with an increase of both, anode 
voltage V/^ and control voltage Vck in accordance with the following equation: 

■a = K (V CK + aV^" 

Here, K, a and n are constants. The characteristics are the same as those for a thermo-electronic emission 
triode vacuum tube in a space charge limited area. By estimating the amplification rate u. (= 1/a) and the mutual 

10 conductance Gm (= d^/dV^ from this diagram for = 330 V and = 150 V, they are 1 and 2.6 E-1 0 S, 
respectively. The value n was about 1.3. When V CK > V GK , there is a tendency for some of the anode current 
to flow to the control electrode. 

In the characteristics shown in Fig. 12, the values of Gm and u. are very small. Practically, values of 1 mS 
or more and 100 or more, respectively, are demanded. There are a number of ways of improving both. However, 

15 the in the case of Gm, in particular, it is effective to increase the emission current 

In order to further increase the voltage amplification rate, increase the mutual conductance and improve 
the frequency characteristic, it is necessary to either increase the number of emission projections of cathode 
3 or devise a structure for the gate electrode 5 that reduces the ineffective gate current and increases the anode 
current. In this embodiment there are six emission projections 4. However, if, for example, this number was 

20 increased 10,000 times and the emission current was increased 1 0,000 fold, the voltage amplification rate and 
the mutual conductance would increase approximately 10,000 fold, allowing the frequency characteristic to im- 
prove about 100 times. To decrease the amount of ineffective gate current, the probability of emitted electrons 
impacting with gate electrode 5 could be reduced by structuring the gate electrode so that it has a smaller width, 
or giving it a structure such that it is on an inclined plane as in Fig. 3 with an open angle in the direction in which 

25 emission projections 4 project outward. 

In this embodiment cathode 3 was grounded. However, this invention is not limited to that For example, 
gate electrode 5 could be grounded instead. Fig. 13 is a circuit diagram using the multiple electrode field elec- 
tron emission device of this embodiment in a voltage amplifier in which the gate electrode is grounded and a 
negative voltage V KG of a cathode voltage source 37 is applied to cathode 3. This circuit diagram is different 

30 from that of Fig. 7 and the amplifier it shows is easy to use because the border line between the linear area 
and the non-linear area does not fluctuate as a result of the value of the emission current. 

When the emission current is large, as indicated in Fig. 14, it is possible to use a driving method with a 
self-bias resistor Rse in series to the cathode in order to obtain an emission current with little noise. Fig. 15 
shows such anode characteristics. A2MQ self-bias resistor R SB was inserted in series with the cathode for 

35 stabilization of the emission current l E . When V KG = - 270 V, the emission current is 10 ua. Based on this graph, 
the values obtained where Gm = 10 nS and u = 1.5. 

The characteristics have been summarized in Table 1. Among the tetrode devices, A corresponds to Fig. 
12 and B corresponds to Fig. 15. 

40 
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Table 1 



Device 


Gm 


M 


Transfer 
characteristics 


Desired 

characteristics 


> 1 mS 


> 100 


Linear 


Tetrode 
device 


A 


0.2 nS 


1 


Nearly linear 


V AG = 300 V ' V CK = 150 V ' J E - 1 1* 


B 


10.0 nS 


1.5 


Nearly linear 


V AG = 300 V, V^ = -50 V, I E = 10 /lA 


Triode device 


2.0 nS 


> 100 


Non- linear 


V AG = 300 V ' V CK = 120 V ' I E = 1 MA 



Fig. 16 is a circuit diagram with a pentode field election emission device wherein a screen electrode S has 
25 been added to the tetrode field electron emission device described above. In Fig. 16, A is the anode, S is the 
screen electrode, C is the control electrode, G is the gate electrode and K is the cathode. Fig. 17 shows the 
anode characteristics of this pentode. They were measured under the following conditions: number of cathode 
projections 10,000, V KG = 140 V, cathode current l K = 20 mA, screen electrode voltage V SG = 100 V and load 
resistor Rl = 1 kfl In Fig. 17, if a load of Rt_ = 80 kn is applied (shown by the broken line), the amplification 
30 rate is four fold. The operating point at this time is at V, = - 40 V. A pentode is characterized by that the anode 
current does not fluctuate because even if the anode current changed, the electric field near the control elec- 
trode would not change due to the existence of the screen electrode. That is, the anode resistance Ra will in- 
crease as indicate below: 

Ra = AV A /AI A 

35 As the next embodiment of the present invention a hexode field electron emission device and a manufac- 
turing process therefor will be described. Figs. 18(A), (B) and (C) are a plan view, a cross-section along line 
B-B in Fig. 18(A) and cross-section along line C-C in Fig. 18(A), respectively. This hexode field election emis- 
sion device comprises control electrode 6, anode 7 and, inbetween these, screen electrode 50 and suppressor 
electrode 53. In addition, control electrode 6 and screen electrode 50 are equipped with column-shaped control 

40 electrode portions 64 and column-shaped screen electrode portions 65, which are formed on top of control elec- 
trode 6 and screen electrode 50, respectively. These electrode portions are formed so that they extend beyond 
the plane or level of cathode 3, i.e. their height is at least higher than the film thickness of island-shaped insu- 
lating layer 2. 

Control electrode portions 64 have a frustro-conical shape with a middle diameter of 3 urn and a height of 
45 5 um. They are provided at a 1 0 urn pitch and are located about 1 0 um away from emission projections 4, reg- 
istered to about the middle between two emission projections. Screen electrode portions 65 have a tapered 
plate shape with a width of 5 um, a middle thickness of 3 um and a height of 5 um. Like control electrode portions 
64, the screen electrode portions 65 are provided at a pitch of 10 um. Suppressor electrode 53 has a width of 
5 um and is located between anode 7 and screen electrode 50. Its distance from screen electrode 50 is about 
so 20 um and its distance from anode 7 about 50 um. 

Cathode 3 has eight emission projections 4 formed at a 5 ujti pitch. The thickness of island-shaped insu- 
lating layer 2 is 500 nm. Gate electrode 5 is formed to be self-aligned with cathode 3. The distance from emission 
projections 4 is 300 nm. The width of gate electrode 5 in the region of emission projections 4 is about 2 um. 
The distance from the control electrode is 4 um. 
55 The electrons emitted from cathode 3 due to the electric field of gate electrode 5 are controlled by the elec- 

tric field of control electrode 6, and this limits the amount of electrons that reach anode 7. Screen electrode 50 
is maintained at a constant bias to prevent fluctuations of the electric field of control electrode 6 due to the elec- 
tric field of anode 7. Suppressor electrode 53 prevents secondary electrons emitted by anode 7 from returning 
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to the direction of control electrode 6. 

The process for manufacturing the hexode field electron emission device of this embodiment will now be 
described with reference to Figs. 19(A) through (G) which are cross-sectional views of the device after respec- 
tive major process steps. 

5 First, an insulating layer 8 and a cathode layer 9 are formed in sequence on the surface of fiat substrate 

base 1 . Then photoresist layer 1 1 is formed (Fig. 19(A)). Rat substrate base 1 is made of alumina. Because a 
ceramic substrate base such as an alumina substrate is highly insulating and has a large thermal conductance 
ratio, it is excellent as a substrate base for a high power field electron emission device. Instead of this substrate 
base, a semi-insulating GaAs substrate base or a diamond substrate may also be used. Insulating layer 8 is 

10 made of a 500 nm thick silicon dioxide thin film. Cathode layer 9 is made of a 100 nm thick tantalum (Ta) thin 
film. Photoresist layer 11 is used to form cathode 3. 

Next, cathode layer 9 is processed by means of excess-etching to form first cathode layer 3a (Fig. 19(B)). 
Dry etching was used as etching method for excess-etching. After excess-etching in CFJ0 2 (120/100) gas and 
RF power of 700 W for 25 minutes, cathode layer 9 will be excess-etched to 1 urn to form emission projections 

15 4 with a tip curvature radius of 30 nm. 

Next, the insulating layer 8 is etched In part to form island-shaped insulating layer 2 and to remove pho- 
toresist layer 1 1 (Fig. 19(C)). The method of forming insulating layer 2 is the same as that descrfced in the pre- 
vious embodiment. . . . 

Next, a column formation layer 56 is formed (Fig. 19(D)). Column formation layer 56 is made from a pho- 

20 tosensitive polyimide resin of 5 um thickness and formed by means of a coating method. As photosensitive 
polyimide resin, for example, negative type PI-410 (manufactured by Ube Kosan) can be used. Instead of this 
type of organic material, Inorganic materials can also be used as a material for column formation layer 56. 

Next, column formation layer 56 is photo-etched to form control electrode portion carriers 64' and screen 
electrode portion carriers 65' (Fig. 19(E)). If column formation layer 56 is not made of a photosensitive material 

25 but of some other organic material or inorganic material, an anisotropic etching method such as RIE (Reactive 
Ion Etching) is suitable instead of photo-etching. 

Next, a gate electrode layer 133 is formed using directional particulate deposition. (Fig. 19(F)). Sputtering 
is used in this case as the particulate deposition method to form thin film gate electrode layer 133 made of tan- 
talum (Ta) with a film thickness of 200 nm. During this step control electrode portion carriers 64' and screen 

30 electrode portion carriers 65'are covered on top and on the sides by gate electrode layer 133. 

Finally, gate electrode layer 133 is etched to form second cathode layer 3b, gate electrode 5, control elec- 
trode 6, column shaped control electrode portions 64, screen electrode 50, column shaped screen electrode 
portions 65, suppressor electrode 53 and anode 7 (Fig. 19(G)). If control electrode portion carriers 64' and 
screen electrode portion carriers 65' are made of an organic material, they may be removed after forming col- 

35 umn shaped control electrode portions 64 and column shaped screen electrode portions 65 to allow maintaining 
a high vacuum condition. One method for removing these carriers is as follows: First, the surface of flat substrate 
base 1 is coated with a resist. At this time, the thickness of the resist on top of column shaped control electrode 
portions 64 and column shaped screen electrode portions 65 becomes thinner than in other areas. Next, when 
the resist is etched by means of dry etching the gate electrode layer 1 33 on top of the said electrode portions 

40 64 and 65 will be exposed. When the gate electrode layer 133 is then etched away in these portions, the top 
portions of the column shaped control electrode portions 64 and the column shaped screen electrode portions 
65 will be removed exposing the carriers 64'and 65'. These carriers are then removed using a solvent. Because 
the column shaped electrode portions 64 and 65 manufactured in this manner are hollow and do not have or- 
ganic materials within them that may become sources of outgassing a high vacuum condition can be created 

45 and maintained by means of heating exhaustion. 

Fig. 20 is a schematic angular view of a hexode vacuum tube that uses the hexode field electron emission 
device of this embodiment. In this case, the hexode field electron emission device is vacuum packed into a 
metal cap. That is, the flat substrate 1 1 1 having the hexode field electron emission device on it is fixed in place 
by a hermetic seal. Each electrode and the hermetic pins 1 61 are connected through respective wires 1 62. Her- 

so metic seal 160 and cap 163 are sealed in a vacuum to form a vacuum space 164 within cap 163. In order to 
maintain a high vacuum, a getter material 165 Is provided on the inner wall of cap 163 and activated as men- 
tioned before. 

Fig. 21 shows a circuit diagram of a cathode grounded type voltage amplifier using a hexode vacuum tube 
with a hexode field electron emission device as described above. The hexode vacuum tube shown in Fig. 21 
55 is indicated by a symbol mark 66 shown in the middle of Fig. 22. It includes cathode 3, gate electrode 5, control 
electrode 6, screen electrode 50, suppressor electrode 53 and anode 7 sealed inside a vacuum space 164. 
Cathode 3 and suppressor electrode 53 are grounded. A voltage source 26 is connected to gate electrode 5 
to apply a positive bias gate voltage V QK to gate electrode 5. A voltage source 25 and an input signal voltage 



12 



EP 0 513 777 A2 

source 24 are connected in series to control electrode 6 to apply to control electrode 6 an input signal voltage 
V| superposed to a control bias voltage V C k- A voltage source 27 is connected via a load resistor 28 to anode 
7 to apply anode voltage V/^. A desired positive bias can be applied to screen electrode 50. However, for the 
sake of simplicity in terms of the number of power supply sources and the number of lines, screen electrode 

5 50 is connected to gate 5 to have the same bias as gate electrode 5, namely V GK . Cathode 3 and suppressor 
electrode 53 and gate electrode 5 and screen electrode 50 might be connected to each other, respectively, on 
the surface of flat substrate base 1 or inside the vacuum tube. Although this embodiment is a hexode, as a 
result of the above electrical connections, the number of pins and the number of power supplies are the same 
as with the tetrode vacuum tube already described above. 

10 Next, the method of driving the hexode field electron emission device will be described. First, if a constant 

gate voltage V GK is applied to gate electrode 5, a constant amount of electrons will be emitted from cathode 3. 
As long as gate voltage V GK does not change, the amount of emitted electrons will remain constant In this con- 
dition, with anode voltage being held constant, if input signal voltage V, with DC bias Vck added to it, is 
applied to control electrode 6, the anode current will be controlled in proportion to the input signal voltage and 

is amplified input signal voltage will be obtained as output signal voltage V G at terminal 29 using load resistor 28. 
The field effect of control electrode 6 on the electrons will be the same as that described in the previous em- 
bodiment Screen electrode 50 will prevent field fluctuations due to voltage fluctuations in the vicinity of control 
electrode 6. It also has the function of improving the anode resistance and the frequency characteristics. Sup- 
pressor electrode 53 prevents secondary electrons generated by anode 7 from flowing in the direction of control 

20 electrode 6. 

When the hexode field electron emission device was driven at Vak = 300 V. V G k = 160 V, Vc© = 60 V and 
Rl = 1 GQ (Rl is the value of load resistor 28), a voltage amplification rate of u. = 8 was obtained. In this case, 
the mutual conductance was Gm = 2 x lO^S. The frequency characteristics improved twofold compared to the 
tetrode field electron emission device described in the embodiment above. This is believed to be due to the 

25 anode screening effect of screen electrode 50. 

Fig. 22 shows another circuit diagram of the hexode field electron emission device. In Fig. 22, A is the 
anode, SP the suppressor electrode, S the screen electrode, C the control electrode, G the gate electrode and 
K the cathode. Fig. 23 shows its output characteristics (anode characteristics). The characteristics of Fig. 23 
were measured under the following conditions: 10,000 cathode emission projections. V KG = -140 V, cathode 

30 current l K = 20 mA, Vsg = 100 V and Rl = 1kn. As will be clear from comparing Fig. 23 to Fig. 17, the anode 
resistance is further increased as a result of the existence of the suppressor electrode and the saturation region 
is shifted to lower anode voltages V Aa The anode resistance is 8 Mn. 

This invention does not only apply to the flat devices described above. It can also be applied to vertical 
devices. As one example, a vertical tetrode field electron emission device formed on a silicon single crystal 

35 substrate will be described in the following embodiment. 

Fig. 24 in a schematic view of the general construction of the vertical tetrode field electron emission device 
of this invention. The device chiefly comprises a conductive flat substrate base 40 which is made of an n-type 
single crystal silicon substrate with a (100) surface, a cathode 41 formed on the surface of flat substrate base 
40, a first insulating layer 42, a gate electrode 43, a second insulating layer 44, a control electrode 45 and an 

40 opposing substrate 46 having an anode 47 formed on its surface facing substrate base 40. Space 48 between 
the substrates is evacuated. 

Cathode 41 is formed on the surface of flat substrate base 40 and projects upward in a vertical direction 
in the drawing. Cathode 41 has a tapered or cone shape as shown in the drawing. The first insulating layer 42 
is formed on the surface of flat substrate base 40 and has an opening around the circumference of cathode 

45 41. The gate electrode 43 is formed on the surface of the first insulating layer 42 and also has an opening around 
the circumference of cathode 41. The second insulating layer 44 is formed on the surface of gate electrode 43 
and has an opening around the circumference of cathode 41 . The control electrode 45 is formed on the surface 
of the second insulating layer 44 and has an opening around the circumference of cathode 41. 

Since cathode 41 is fabricated by means of anisotropic etching of flat substrate base 1 , It has a generally 

50 conical shape, the cone axis being perpendicular to the surface of flat substrate base 40. Cathode 41 has a 
height of about 1.2um. Its cross sectional apex angle Is about 90°. In this invention, a cathode formed by a 
method other than anisotropic etching of flat substrate base 40 may also be used, i.e., the cathode may also 
be a Spindt type (see Journal of Applied Physics, Vol. 47, No. 12, December 1976, pages 5248 to 5283). The 
first and second insulating layers 42 and 44 are made of silicon dioxide thin films of a thickness of 600 nm and 

55 3 urn, respectively. The diameter of the openings is approximately the same for both insulating layers, namely 
around 3 urn. Gate electrode 43 and control electrode 45 are made from molybdenum. Their Mm thicknesses 
are 200 nm and 300 nm, respectively. The diameter of the opening in each electrode is about the same, namely 
about 1 .2 urn. Flat substrate base 40 and opposing substrate 46 are held together by means of a support formed 
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around their periphery (not shown in the Figure). The thickness of the vacuum space 48 (distance between 
control electrode 45 and anode 47) is 50 urn. For anode 47, an aluminum thin film or a transparent conductive 
film is used. 

As to the operating functions of this tetrode field electron emission device, when a positive bias is applied 
5 to gate electrode 43, electrons are field emitted from the projecting tip of cathode 41 . These emitted electrons 
pass through the openings of gate electrode 43 and control electrode 45 and arrive at anode 47. However, the 
amount of electrons that are able to reach anode 7 (anode current) can be controlled by the voltage of control 
electrode 45. The anode current control by means of the field effect of control electrode 45 is the same as the 
control mechanism described in the first embodiment. Therefore, there is a linear region in which the voltage 
10 of control electrode 45 and the anode current are in a proportional relationship. That is, when the voltage of 
control electrode 45 is a high negative voltage, a negative bias gradient is created from control electrode 45 
in the direction of cathode 41 and the emitted electrons are bounced back in the direction of gate electrode 43. 
In such a case, the anode current is small. However, when the voltage of control electrode 45 is a high positive 
voltage, a positive bias gradient is created. Many electrons can pass through this and a large anode current is 
15 obtained. 

The basic structure of the present embodiment of the invention has been explained above with reference 
to one cathode 41, extending into a hole formed by insulating layers 42 and 44 and electrodes 43 and 45. It 
should be noted that substrate base 40 of this embodiment may be provided with one or more cathodes 41 
each extending into a respective hole in elements 42 to 45. 

20 The electrical characteristics of the tetrode field electrode emission device of this embodiment in which 

10,000 cathodes 41 were formed were measured. In a cathode grounded circuit when the gate voltage was 
120 V an emission current of 3 mA was obtained. The change in the anode current relative to a change in the 
voltage of the control electrode, that is the mutual conductance was Gm = 20 uS. The ineffective current that 
flowed to gate electrode 43 was 1 % or less of the anode current, thus, excellent characteristics where obtained. 

25 Further, it is clear, that if a screen electrode and suppressor electrode are added to the tetrode field electron 
emission device of this embodiment, its electrical characteristics can be further improved. In this embodiment 
anode 47 is formed on the opposing substrate base 46. However, it may also be formed on the surface of flat 
substrate base 40. In this case, control electrode 45 can be placed between anode 47 and gate electrode 43. 
For example, it may be placed in the middle of vacuum space 48. In addition, in order to reduce the capacitance 

30 between the anode and the cathode (and/or the gate electrode) and to improve the frequency characteristics 
and the breakdown voltage, it is appropriate to make the cathode to be comprised of a thin film layer on an 
insulating substrate and to form the anode of the same layer so as to surround the cathode in order to remove 
overlapping regions between the anode and the cathode (and/or the gate electrode). In such a case an insu- 
lating fiat substrate base 40 would be used. 

35 As with the tetrode field electron emission device of this embocfiment the multiple electrode field electron 
emission device is either formed so that gate electrode 43 is perpendicular to the direction of electron emission 
from cathode 41 and formed so that the opening of gate electrode 43surrounds the route of flow of the electrons, 
reducing the ineffective current that flows to gate electrode 43 and yielding excellent power efficiency. The rea- 
son for this is that the emitted electrons need to travel a short distance only corresponding to the thickness of 

40 gate electrode 43 to traverse the gate electrode through its opening. This is also because the emitted electrons 
have only a small probability of impacting with gate electrode 43 because they pass through the center region 
of the opening. It would be very effective to apply this type of structure to a horizontal multiple electrode field 
electron emission device. 

In order to increase the mutual conductance of a horizontal mutipte electrode tube, for example, it is nec- 
45 essary to devise a gate electrode structure in the tetrode field electron emission device shown in Fig. 1 so that 
the emission surface area of cathode 3 is larger. However, if the emission surface area is increased, there will 
be an increase in the number of electrons that flow to gate electrode 5. As a result, the problem is, that it is 
difficult to obtain power amplification that has high performance. 

Fig. 25 is an angular fractional view of an enlarged multiple electrode electron emission device having a 
50 gate electrode 51 with ring-shaped electrode portions 52 each providing an opening 52a. The openings are 
registered with the emission projections 4 of cathode 3. Cathode 3 has the same structure as that shown in 
Fig. 1. By this structure of the gate electrode, the gate current and the control current are reduced by passing 
the electrons that are emitted from emission projections 4 through the openings 52a of the ring-shaped gate 
electrode portions 52, allowing a reduction in parasitic current and an increase in input resistance. 
55 The gate electrode portions 52 are not limited to the shape shown in Fig. 25. The structure should be such 

that such electrode portion provides an opening through which electrons emitted from a respective emission 
projection 4 can pass, the opening being surrounded by conductive material being at the same electrical bias 
all around the opening. The opening may be circular, elliptic, square-lice or rectangular-like in cross-section. 
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Such electrode portion need not necessarily be provided for each of the emission projections. It is possible, 
for example, that only for every second emission projection 4 a corresponding electrode portion with such an 
opening is provided. 

The poor power conversion ratio resulting in case of l G > l Af as shown in Fig. 8, can be improved by providing 
5 a gate electrode 51 with such electrode portions having an opening, and a field electron emission device having 
linear input and output electrostatic properties can be obtained due to the existence of a control electrode. In 
Fig. 25, 61 is the control electrode and 7 is the anode. As shown in Fig. 25, control electrode 61 may be struc- 
tured to have electrode portions 62 with openings 62a similar to the electrode portions 52 of gate electrode 51 , 
to allow emission current to pass through. However, this is not a necessary requirement and the control eJec- 
10 trode may also be a flat electrode like that shown in Fig. 1. 

A tetrode field electron emission device having a gate electrode structure like that shown in Fig. 25 has 
the linearinput and output relationship of the device shown in Fig. 1 and furthermore is characterized by a drast- 
ically reduced gate current (1 /1 0 or less of the anode current) and a drastically reduced gate ineffective current. 

The device shown in the angular view of Fig. 26 differs from that of Fig. 25 in that control electrode 61 has 
is column-shaped control electrode portions 63. These control electrode portions 63 are positioned midway be- 
tween imaginary straight extension lines extending from the emission projections 4 toward the anode 7. 

In the multiple electrode field electron emission device of this invention, the number of electrodes is op- 
tional. Quite naturally it could be a hexode field electron emission device, for example. It is possible to have 
the structure of gate electrode 5 of the hexode field electron emission device shown in Figs. 1 8(A) through (C) 
20 replaced by that of gate electrode 51 shown in Fig. 25. In such a case, the electrons that are emitted from emis- 
sion projections 4 will be controlled by the electric field of control electrode 6, and the amount of electrons that 
reach anode 7 would also be controlled. Screen electrode 50 will be maintained at a constant electric bias pre- 
venting fluctuation in the electrical field of control electrode 6, which would otherwise be caused by the electric 
field of anode 7. Suppressor electrode 53 will prevent secondary electrons generated by anode 7 from returning 
25 in the direction of control electrode 6. 

However, the three-dimensional gate electrode structure described above has problems in terms of man- 
ufacturing. For example, the gap control is difficult for thin film manufacturing technology. Further, the distrib- 
ution of the electric field between the cathode and the gate electrode is not uniform, and there is a limit to the 
l A /l G characteristics. Moreover, the manufacturing process requires four photo mask steps, necessitating com- 
30 plex manufacturing technology. For these reasons and based on the objective of providing a three-dimensional 
electric held distribution between the cathode and the gate electrode, it is desirable to use a gate electrode 
with a uniform structure, and that structure should be such that it allows self-alignment (even if the position of 
one of the electrodes has an offset, the other electrode will be formed in a position corresponding to that onset 
position). 

35 In the following, a multiple electrode field electron emission device that resolves these technical problems 
and the manufacturing process of that device will be explained. Itforms an extremely stable electrode and great- 
ly improves the l A /l G characteristics. This is because it is a multiple electrode field electron emission device 
that comprises a cathode formed on top of an insulating layer which in turn is formed on the surface of an in- 
sulating flat substrate base, and having a plurality of emission projections that overhang from said insulating 

40 layer, comprises anodes that are formed on the surface of said flat substrate base and which collect the emitted 
electrons, and comprises a number of column-shaped gate electrodes that are formed inbetween the cathodes 
and the anodes. The emission projections are located between adjacent gate electrodes and the shape of the 
gate electrodes corresponds to that of the emission projections on the cathode. 

Fig. 27(a) is a schematic plan view of this new multiple electrode field electron emission device. Fig. 27(b) 

45 is a cross-sectional view along line a-a in Fig. 27(a). Fig. 27(c) is a cross-sectional view along line b-b of Fig. 
27(a). Fig. 27(d) is an angular view of a section of the device shown in Fig. 27(a). 

In this device, cathode 303, gate electrodes 305 and anode 7 are on the surface of a flat substrate base 
1 which is made of quartz. Cathode 303 is formed of a thin film (having a thickness of for example 200 nm) on 
the surface of a silicon dioxide island-shaped insulating layer 302. The side of cathode 303 facing anode 307 

so has a saw-tooth like shape with emission projections 4 overhanging insulating layer 302 as shown in Fig. 27(b). 
Cathode 303 may be a one or a multi layer structure of thin films (for example, It may comprise a molybdenum 
thin film on top of a tungsten thin film). Emission projections 4 project in the direction of gate electrodes 305 in 
parallel to the surface of flat substrate base 1 . Insulating layer 302 does not exist beneath the tip area of emis- 
sion projections 4. The tip curvature radius of the emission projections 4 within the plane of the cathode is 40 

55 nm or less. 

Gate electrodes 305 are formed such that they self-align to cathode 303. As shown in the drawing, the gate 
electrodes 305 have a shape of a pentagonal column, and the angle 6 of the comer facing cathode 303 is for 
example 60 to 90°. The emission projections are formed to extend in the space between adjacent gate dec- 
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trades 305. Therefore, the electric field distribution in the vicinity of the emission projections 4 is laterally sym- 
metrical. If the height G of the pentagonal column of each gate electrode 305 is larger than that of cathode 
303, the distribution of the electric field in the area of emission projections 4 will not only be laterally symmetrical 
but also approximately uniform in the vertical direction. As a result, the electrons emitted from emission pro- 

5 jections 4 due to the electric field between cathode 303 and gate electrode 305 will pass through the space 
between adjacent gate electrodes 305 and arrive in an efficient manner at anode 307. This will allow a remark- 
able reduction of the parasitic current flowing into the gate electrode. That is, the l A /l G characteristics (power 
conversion ratio) is remarkably improved. 

The structure of gate electrodes 305 is not limited to a pentagonal column. It should be a column shape 

10 with which a symmetrical electric field is formed in the vicinity of the emission projections 4 and which allows 
the emitted electrons to efficiently travel to anode 307 (for example, it could be a triangular column or a column 
with a curved back). 

The foregoing embodiment is a fiat triode field electron emission device. However, according to the inven- 
tion, this embodiment can be modified to a tetrode or pentode type field electron emission device. 
15 Reference numeral 71 in Fig. 27 denotes a gate electrode interconnection. To give an example of the di- 
mensions in each section, distance A between the gate electrodes 305 is 3 um. Length B of the pentagonal 
column of gate electrode 305 is 5 urn. Width C is 7 um. The gap D between gate electrode 305 and cathode 
303 Is 1 .5 um. The thickness E of the Island-shaped insulating layer 302 is 0.5 um. The thickness F of cathode 
303 is 0.1 um. 

20 Next, a general description of me manufacturing process of the foregoing embodiment of the invention will 
be given with reference to Figs. 28, 29 and 30. 

First as indicated in the cross-sectional view of Fig. 28(a), a thermal CVD method is used to form a silicon 
dioxide thin film 31 1 on the surface of substrate base 1. which is made of quartz, glass, etc. Next, a method 
such as sputtering is used to form a tungsten layer 312 on top of thin film 311. However, the material for the 

25 layer 312 is not limited to tungsten but another material such as tantalum, for example, could be used. After 
this, as indicated in Fig. 28(b), a resist layer 314 is formed except for resist holes 313 which have the shape 
of gate electrode columns to be formed. Fig. 28(c) shows the cross-section along line b-b in Fig. 28(b). Then, 
an etching step using CF 4 gas, etc. is carried out to etch tungsten layer 312 exposed within resist holes 313, 
as indicated at 315 in Fig. 28(c). Thereby silicon dioxide thin film 311 is exposed as indicated at 316 in Fig 

30 29(a). 

After this, using an HF type etching solution, the exposed silicon dioxide thin film 31 1 is etched. By excess- 
etching the reverse taper shape of the silicon dioxide film 31 1, shown in the cross-sectional view of Fig. 29(b) 
is obtained. Next, when tungsten layer 312 is etched with a CH 4 type etching solution, the etching of the tungsten 
progresses to broken lines 317 and 318 shown in Fig. 29(c), and a structure according to Fig. 29(d) correspond- 

35 ing to a sectional view along line c-c in Fig. 29(c) is obtained. This forms the cathode emission projections 31 9. 
Since the etch solution distributing from resist holes 313 excess-etches the tungsten layer 312 along the cir- 
cumference of resist holes 31 3, the emission projections 319, which are part of the cathode being formed, are 
etched from the two sides of respective adjacent resist holes 313 so that the tip of each emission projection 
319 becomes sharp. Furthermore, the position of the tip has an equal distance to the adjacent resist holes 31 3. 

40 As a result of this manufacturing process, it is possible to have the emission projections 319 formed in such a 
manner, that they are always positioned in the middle between adjacent resist holes 313, even though there 
may be an error in the positioning of resist holes 313. Also, the distribution of the electric field formed by emis- 
sion projections 319 and the gate electrodes is always laterally symmetrical. That is, it is possible to form the 
cathode and the gate electrodes in a self-aligning manner. 

45 After this, as shown in the cross-sectional view of Fig. 30(a), molybdenum, etc., i.e. the material for forming 
the gate electrodes is vapor deposited or sputtered to obtain molybdenum films 321 and 322. The shape of 
molybdenum film 321 and, thus, of a gate electrode in a horizontal cross-section is the same as that of a resist 
hole 313 (Fig. 29(c)). Depending on the manufacturing conditions of vapor deposition or sputtering, it is possible 
to form molybdenum film 321 to a height higher than that of tungsten layer 312. After removing molybdenum 

so films 322 and resist layer 314, the result Is as shown in Fig. 30(b). Thereby, the cathode and the gate electrodes 
corresponding to those shown In Fig. 27(c) have been formed. As to the anode in this embodiment, when tung- 
sten layer 312 has been etched away within the region between broken lines 317 and 318 in Fig. 29(c) by ex- 
cess-etching, the remaining tungsten layer portion beyond broken line 317 and denoted 320 in Fig. 29(c) may 
be used as the anode, although the anode may also be fabricated separately. The tungsten layer portion 320 

55 may also be used as the control electrode of a multiple electrode field electron emission device or it may be 
removed If It is not necessary. 

The gate electrode interconnection 71 (Fig. 27(d)) is formed in advance using a photo mask. Therefore, 
with this manufacturing process, two photo mask steps are necessary only, namely the photo mask step that 
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patterns the gate electrode interconnection and the photo mask step the forms the resist film 314 shown in Fig. 
28(b). 

The gate electrode interconnection may be placed wherever desired. When it is located close to the cath- 
ode, the electric field between the cathode and the gate electrode will increase, resulting in a device having 
an excellent electric field. 

In the process step of Fig. 30(a) of the above described manufacturing process, when the molybdenum 
film is formed either by vapor deposition or sputtering, sometimes a molybdenum bridge 323 is formed between 
molybdenum films 321 and 322 as shown in Fig. 31. Since this is not good for the formation of the gate elec- 
trodes, the manufacturing process should be one that does not form bridges 323. 

An example of such manufacturing process will be explained below. Fig. 32(a) is an enlargement of a part 
of Fig. 28(c) additionally showing gate electrode interconnection pattern 325 which has been formed in advance 
on substrate base 1 (aluminum is one of several possible materials for the gate electrode interconnection). 

In this condition, when the silicon dioxide layer 31 1 is excess-etched, as shown in Fig. 32(b), the intercon- 
nection pattern is exposed. Therefore, as shown in Fig. 32(c), a thin layer 326 of aluminum is formed on top of 
the interconnection pattern 325 by means of vapor deposition or sputtering. 327 denotes the aluminum layer 
formed on top of resist layer 314. 

Next, after tungsten layer 312 has been eaocess-etched (Fig. 32(d)), part of resist layer 314 which is around 
the periphery of resist hole 328 is removed using oxygen plasma, etc. (Fig. 32(e)). Next, gate electrode metal 
329 (which may be aluminum or molybdenum) is formed by means of vapor deposition or sputtering (Fig. 32(0). 
After that, resist 314 and layers 327 and 329 on top of it may be removed (Fig. 32(g)). When forming the gate 
electrodes by means of this manufacturing process, bridges like bridges 323 mentioned above, will hardly be 
formed because the holes in the resist layer 314 have been widened. 

It should be noted that for the sake of simplification the foregoing embodiment has been explained with 
respect to a three electrode structure, i.e. a triode. It goes without saying that to fabricate a multiple electrode 
field electron emission device according to the present invention, namely a tetrode, pentode, etc. on the basis 
of this embodiment, a control electrode, etc. has to be added. 



Claims 

1 A multiple electrode field electron emission device having a cathode (3) for emitting electrons by means 
of the field effect, a gate electrode (5) for establishing an electric field between said cathode and said gate 
electrode, and an anode (7) for collecting the emitted electrons, characterized by additionally having a con- 
trol electrode (6) placed between said cathode (3) and said anode (7) for controlling the emitted electrons. 

2. The device of claim 1 further comprising a screen electrode (50) for electrostatically screening the control 
electrode (6) and the anode (7) said screen electrode (50) being placed between the control electrode (6) 
and the anode (7). 

3. The device of claim 2 further comprising asuppressor electrode (53) placed between said screen electrode 
(50) and said anode (7) for controlling secondary electrons emitted from the anode. 

4. The device according to claim 1, wherein an island-shaped insulating layer (2a; 2; 202) is formed on the 
surface of an insulated flat substrate base (1), the cathode (3; 203) is formed on the surface of said insu- 
lating layer (2a; 2; 202) and is equipped with emission projection means (4) overhanging said insulating 
layer, the gate electrode (5; 205) is formed on the surface of said flat substrate base in the vicinity of a 
region defined by a perpendicular projection of said emission projection means onto the surface of the flat 
substrate base (1), the anode (7) is formed on a side of the surface of said flat substrate base 1 opposite 
to that of the cathode (3; 203) with the gate electrode (5; 205) located between the anode and the cathode, 
and the control electrode (6) is formed on the surface of said flat substrate base 1 between the gate elec- 
trode and the anode. 

5. The device of claim 4 wherein a screen electrode (50) is formed between the control electrode (6) and the 
anode (7) on the surface of the flat substrate base (1). 

6. The device of claim 5, wherein a suppressor electrode (53) is formed between the screen electrode (50) 
and the anode (7) on the surface of the flat substrate base (1). 

7. The device according to any of claims 4 to 6, wherein the control electrode (6) comprises column-shaped 
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electrode portions (64) extending from the surface of the flat substrate base (1). 

8. The device according to claims 5 and 7, wherein the screen electrode (50) comprises column-shaped elec- 
trode portions (65) extending from the flat substrate base (1). 

9. The device according to any of claims 1 to 3, wherein a vacuum space (48) is formed between a conductive 
first flat substrate base (40) and an opposing second flat substrate base (46), a cone-shaped cathode (41 ) 
is formed on the inner surface of the first substrate base (40) and has a nearly perpendicular cone axis, 
an insulating layer (42) is formed on the inner surface of said first fiat substrate base (40) and has an open- 
ing around the circumference of said cathode (41), a gate electrode layer (43) is formed on the surface of 
said insulating layer (42) and has an opening around the circumference of said cathode (41), an anode 
layer is formed on the inner surface of said second flat substrate base (46) and a control electrode (45) 
is arranged between said gate electrode (43) and said anode (47). 

10. The device according to any of claims 4 to 8, wherein said emission projection means comprises a plurality 
of emission projections (4) overhanging from said insulating layer, and said gate electrode (51) has an 
opening (52a) in at least one location that corresponds to the position of an emission projection (4). 

11. The device according to claim 1 0, wherein said gate electrode (51) has openings (52a) in all of the locations 
corresponding to said emission projections (4). 

12. The device according to claim 10 or 1 1 in combination with any of claims 4 to 6, wherein the control elec- 
trode (61) has one or more openings (62a) respectively corresponding and aligned to said one or more 
openings (52a) of the gate electrode (51). 

13. A process for manufacturing a field electron emission device having cathode emission projection means 
(4) projecting nearly in parallel to the surface of a flat substrate base (1), said process comprising the steps 
of 

forming an etching mask layer (8) on the surface of said flat substrate base (1), 

forming a cathode layer (9) on the surface of said etching mask layer, 

depositing and forming an etching passivation layer (10) on the surface of the cathode layer (9), 

processing said etching passivation layer to form an etching mask (12) which has projection means 

corresponding to said emission projection means, and 

etching said cathode layer to form the cathode (3a) with its emission projection means (4a) using 

said etching mask (12). 

14. A process for manufacturing a field electron emission device, comprising the steps of 

forming an etching mask layer (8) on the surface of a flat substrate base (1), 

forming a cathode layer (9) on the surface of the etching mask layer (8), 

forming a photoresist pattern (11) on the surface of the cathode layer (9), 

processing the cathode layer (9) to assume a shape corresponding to that of the photoresist pattern 

(11), 

processing said etching mask layer (8) using an excess-etching method to form an etching mask 

(81), 

processing the pre-pattemed cathode layer (91) to the shape of the etching mask (81) to form a 
cathode (203a), 

removing said etching mask (81) below marginal portions of the cathode (203a) to form said cathode 
in the shape of an eaves, 

forming a gate electrode layer (205, 7) using a particulate deposition method, and 
patterning said gate electrode layer to form a gate electrode (205). 

15. A multiple electrode field electron emission device having a cathode (3) for emitting electrons by means 
of the field effect, a gate electrode (5) for establishing an electric field between said cathode and said gate 
electrode, and an anode (7) for collecting the emitted electrons, characterized in that said cathode (303) 
is formed on an insulating layer (302) and has a plurality of emission projections (4) overhanging from said 
insulating layer (302), the insulating layer being formed on a flat substrate base (1), the anode (307) is 
formed on the surface of said flat substrate base (1), and a plurality of column-shaped gate electrodes 
(305) is formed inbetween said cathode (303) and said anode (307), wherein said emission projections 
(4) are located in the middle of adjacent gate electrodes (305), each gate electrode (305) projecting into 
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the space between adjacent emission projections. (4). 

16. The device of claim 15, wherein each gate electrode (305) is in the form of a pentagon-shaped column. 

17. The device as claimed in claim 15 or 16, wherein the gate electrodes (305) have a height (G) such that 
they extend beyond the plane of said emission projections (4). 

18. A process for manufacturing the multiple electrode field electron emission device of claim 15 comprising 
the steps of 

forming on an insulated flat substrate base (1 ) an insulating layer (311) and an electrode layer (31 2) 
in this sequence, 

applying a photoresist (314) on the surface of said electrode layer (312) except for portions (resist 
holes 313) where the gate electrodes are to be formed, 

forming the emission projections by excess-etching the electrode layer (312) and the insulating lay- 
er (311) using an etching solution applied via the resist holes (313) that etches beyond the base area of 
the resist holes, and 

forming that column shaped gate electrodes at the locations of said resist holes (31 3) and removing 
the resist 

19. The process according to claim 18, wherein prior to forming said gate electrodes said resist holes (313) 
are widened to have a base area larger than that of the gate electrodes to be formed. 

20. A method for driving the multiple electrode field electron emission device of claim 1 or 4, wherein the cath- 
ode is grounded, a positive bias gate voltage is applied to the gate electrode, a positive bias anode voltage 
larger than the gate voltage is applied to the anode and an input signal voltage is applied to the control 
electrode to control the anode current. 

21. A method for driving the multiple electrode field electron emission device of claim 1 or 4, wherein the gate 
electrode is grounded, a negative bias cathode voltage is applied to the cathode, a positive bias anode 
voltage is applied to the anode and an input signal voltage is applied to the control electrode to control 
the anode current 

22. The method of claim 21 , wherein said cathode voltage is applied via a resistor to the cathode. 

23. A method for driving the multiple electrode field electron emission device of claim 2 or 4, wherein the gate 
electrode is grounded, a negative bias cathode voltage is applied to the cathode, a positive bias screen 
voltage is applied to the screen electrode and an input signal voltage is applied to the control electrode 
to control the anode current 

24. A method for driving the multiple electrode field electron emission device of claim 3 or 4, wherein the cath- 
ode and the suppressor electrode are grounded, a gate voltage is applied to the gate electrode and the 
screen electrode, an anode voltage is applied to the anode and an input signal voltage is applied to the 
control electrode to control the anode current. 
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@ Multiple electrode field electron emission device and process for manufacturing it 



@ Disclosed is a multiple electrode field elec- 
tron emission device having a cathode (3) for 
emitting electrons by means of the field effect, a 
gate electrode (5) for establishing an electric 
field between said cathode and said gate elec- 
trode, an anode (7) for collecting the emitted 
electrons, and a control electrode (6) placed 
between said cathode (3) and said anode (7) for 
controlling the emitted electrons. Disclosed is 
also a method for manufacturing such a device 
in a manner to achieve emission projections (4) 
of the cathode (3) with a very small curvature 
radius and perfectly aligned to the gate elec- 
trode (5). 
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